Abstract: Statins are hypolipidemic drugs that are effective in the treatment of hypercholesterolemia by attenuating cholesterol synthesis in the liver via competitive inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase. Recently, dietary changes associated with drug therapy have garnered attention as novel drugs to mitigate or ameliorate hypercholesterolemia. The present study was undertaken to observe different dietary polyphenols that can bind to the active site of HMGR and inhibit it. Results from the 12 dietary polyphenols tested reveal that polyphenols can bind to HMGR and block the binding of nicotinamide adenine dinucleotide phosphate (NADP + ). We observed that the rigidity of phenolic rings prevents the polyphenols from docking to the enzyme activity site. The presence of an ester linkage between the phenolic rings in (-)-epigallocatechin-3-gallate (EGCG) and the alkyl chain in curcumin allows them to orient in the active site of the HMGR and bind to the catalytic residues. EGCG and curcumin showed binding to the active site residues with a low GRID score, which may be a potential inhibitor of HMGR. Kaempferol showed binding to HMG-CoA, but with low binding affinity. These observations provide a rationale for the consistent hypolipidemic effect of EGCG and curcumin, which has been previously reported in several epidemiological and animal studies. Therefore, this study substantiates the mechanism of polyphenols on the activity of HMGR by molecular docking and provides the impetus for drug design involving further structure-function relationship studies.
Introduction
Mortality from cardiovascular disease (CVD) is the foremost cause of death in the industrialized world and the second leading cause of death worldwide. Statistics from the World Health Organization indicate that more than 60% of morbidity, disability, and mortality in Arab countries is caused by chronic noncommunicable diseases, especially CVD, diabetes, and cancer. 1 Among the several risk factors of CVD, the most important are hypertension and hypercholesterolemia. In patients with altered cholesterol homeostasis, cholesterol builds up in the coronary arteries, subsequently leading to coronary heart disease (CHD), and eventually to heart failure. 2 Cholesterol is one of the critical molecules essential for the structure and function of eukaryotic lipid bilayers. Epidemiological evidence has shown a positive relationship between total cholesterol concentration and the mortality rate of CHD. 3, 4 In humans, the mevalonate pathway is responsible for the endogenous synthesis of cholesterol. In cholesterol synthesis, the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) (enzyme nomenclature [EC] 1.1.1.34), which catalyses the submit your manuscript | www.dovepress.com
Dovepress

4944
islam et al reaction converting HMG-CoA to mevalonate, is the rate-limiting enzyme of the mevalonate pathway that produces cholesterol and other isoprenoids. 5 The enzyme, HMGR, represents an important molecular target for several antihypercholesteremic drugs known as statins. Human HMGR enzyme contains 888 amino acids, with the first 339 residues as the membrane anchor domain located in the endoplasmic reticulum. A linker region is located between residues ranging from 340 to 449, while the catalytic domain, from residues ranging from 450 to 888, resides in the cytoplasm. 6 The structure of the catalytic portion of human HMGR consists of a proteinic tetramer containing four actives sites formed by residues of two monomers. This active site is characterized by the so-called cis-loop (residues 682-694), which is involved in the reduction of the substrate HMG-CoA.
Statins remain the drugs of choice for the treatment of dyslipidemia in patients with CHD or substantial risk factors for CHD. 7, 8 However, long-term use of statins has been reported to lead to the development of type 2 diabetes mellitus and autoimmune diseases. 9, 10 Therefore, alternate agents with lower toxicity and wide tolerance are needed and continue to be explored for future therapeutics.
Interest in dietary fats and their role in the development of CVD have spurred a considerable amount of research in the past three decades. The reduced risk of CVD in populations with more polyphenol intake, despite a high-cholesterol and high-fat diet, constitute the French paradox, which is indicative of their beneficial effects in the maintenance of cardiovascular health owing to the multiple benefits of polyphenolic compounds. [11] [12] [13] In relation to drug discovery and development, the identification of drug targets is an important step, and HMGR represents one of the major therapeutic targets to regulate cholesterol biosynthesis. Synthetic, statin-like compounds that include an HMGlike moiety have shown significant hypocholesterolemic activity. However, there are other agents without a structural HMG-like moiety that are known to inhibit HMGR, such as cholestin, diosgenin, β-sitosterols, and lycopene, among many others.
Several of the polyphenolic compounds, such as tea catechins (mainly gallate ester derivatives), have been tested successfully both in vitro and in vivo as cholesterol-lowering agents, apart from their antioxidant activities. The evidence indicates that polyphenols exert concerted, multiple-level action involving the upregulation of the low-density lipoprotein receptor, the reduction of cholesterol absorption, and the modulation of both synthetic and metabolic pathways. 14 Considering the complexity of action and the short half-life of HMGR, the direct effect on HMGR activity is very difficult to recognize and isolate. The literature supporting a physiologically significant inhibition of the key rate-limiting enzyme, HMGR, in lipid metabolism by polyphenols is limited for mechanistic insights into their therapeutic use. [15] [16] [17] Therefore, the present study was designed to determine whether the polyphenols can reduce cholesterol biosynthesis by inhibiting HMGR, an important therapeutic target. Revealing polyphenols as novel agents similar to the statins reasonably represents HMGR as a viable therapeutic target in new drug discovery and development. Several previous studies have demonstrated that the consumption of dietary polyphenols lowers cholesterol levels and improves cardiovascular health in humans. However, the precise pharmacological and molecular mechanism for their activity on HMG-Co reductase has not been investigated extensively. We have chosen to investigate 12 polyphenolic compounds that are the common component of diets and traditional medicines across the world. The docking studies were performed to screen the binding site and binding energy of polyphenols and to provide a mechanistic insight into the pharmacological effects and therapeutic benefits. We have chosen fluvastatin as a standard statin, which is the first synthetic HMG-Co inhibitor to be developed and used in the management of dyslipidemia in the primary and secondary prevention of CVD.
Materials and methods receptor protein structure
The three-dimensional (3D) coordinates of the crystal structure of HMGR in complex with fluvastatin (Protein Data Bank [PDB] ID: 1HWI) was used for docking (San Diego Supercomputer Center, University of California, San Diego, CA, USA). We used Chimera (UCSF Resource for Biocomputing, Visualization, and Informatics, University of California, San Francisco, CA, USA) and the docking program DOCK6 (UCSF DOCK Resource, University of California, San Francisco, CA, USA) to perform this study. 18, 19 ligand structure 
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effects of polyphenols on hMgr activity were converted to 3D using the PRODRG 2 SERVER (http://davapc1.bioch.dundee.ac.uk/prodrg/). 20 These 3D ligand molecules were used individually on DOCK6 for docking on the HMGR enzyme. The coordinates of nicotinamide adenine dinucleotide phosphate (NADP + ) were taken from PDB ID: 1DQA.
Molecular docking
The crystal structure of HMGR was taken from the PDB (PDB ID: 1HWI). The protein coordinates were used after removing the solvent and ligand molecules. The hydrogen atoms were added to the protein and it was then minimized using the AMBER 99SB (AMBER Molecular Dynamics, University of California, San Francisco, CA, USA) force field. A molecular surface of the protein was generated with dimethyl sulfate. The spheres from the receptor HMGR were generated using the SPHGEN program of DOCK6. A grid for grid-based scoring was generated using the GRID program of DOCK. The default parameters and grid spacing of 0.25 were used in present study. The RESP charge-fitting of electrostatic potentials was completed using ANTECHAMBER module of the AMBER11 (AMBER MD Softwares, University of California, San Francisco, CA, USA) program. Flexible ligand docking was carried out using the DOCK6 program.
The default values for the parameters of the anchor-andgrow algorithm of DOCK6 were used except for maximum orientations (500) and simplex anchor maximum iterations (500). The docking poses were visualized using the program Chimera. The coordinates of NADP + on HMGR was predicted by the structure match of the HMGR enzyme bound to fluvastatin (PDB ID: 1HW1) and that bound to NADP + (PDB ID: 1DQA) in Chimera.
DOcK scoring and ranking
Generally, docking programs attempt to simulate proteinligand complex structures with a threshold accuracy and speed that enables pragmatic computation and analysis. The ability to predict the probable binding mode of a ligand to differentiate correct poses and eliminate incorrect ones was based on reliable scoring functions. The DOCK6 score function calculates ligand desolvation in addition to steric and electrostatic interactions between the ligand and receptor. The electrostatic interactions between the ligand and the protein are calculated from an electrostatic potential map. The best conformations of each ligand that were clustered using complete linkage analysis were saved in mol2 formats. These files were further used to apply the remaining scoring functions. During ranking, a lower score is always indicative of a higher affinity.
Results and discussion
Comparison of NADPH and flavonoids binding on hMgr
The reductive cleavage of HMG-CoA to mevalonate utilizes two molecules of nicotinamide adenine dinucleotide phosphate-oxidase (NADP[H]). 8 Since flavonoids have shown promising antioxidant activity, it is of interest if they can bind to the NADP(H) binding site of HMGR. In the present study, we tested the 3D structures of 12 common dietary polyphenols to predict the binding site on HMGR. The structural formulae of these polyphenols are presented in Figure 1 . It was observed that all polyphenols tested in this study can bind to the same region as the adenine ring of NADP + , and they may therefore act as inhibitors of NADP + binding. This corroborates the fact that polyphenols are antioxidants in nature. 13, 16 All of the polyphenols used in this docking study have been reported to possess antioxidant activity in experimental studies (Table 1) . Quercetin docking to HMGR is shown as representative of polyphenol binding in Figure 2 . The binding of NADP + leads to closure of the COOH-terminal helix, moving the H866 into the hydrogen bonding distance of thiol and completing the active site. 21 The blocking of NADP + binding due to the quercetin interaction will lead to noncompletion of the active site and can inhibit the action of the HMGR enzyme. Compelling evidence from previous in vivo and in vitro studies indicates the health benefits of quercetin, such as dietary flavonoids and polyphenolic compounds in particular, in the maintenance of cardiovascular health. 13, 16, 17, 22 We predict that polyphenol binds on HMGR on the NADP + binding site and can block the electron transfer on the substrate HMG-CoA.
comparison of statin and polyphenol binding on hMgr
The X-ray crystal structure of human HMGR with HMGCoA has revealed that "cis-loop" comprised of amino acid residues 682-694 forms the catalytic site of the enzyme. The residues K691, E559, and D767 of HMGR form a hydrogen bond-linked network that interacts with the carbonyl group of HMG-CoA. K691 stabilizes the negatively charged oxygen of mevaldyl-CoA. E559 and D767 are located in close proximity, which raises the pKa of E559 so that it donates a proton to mevaldehyde. 21 All statins, including fluvastatin, bind to R590, K691, and D690 residues of HMGR. 8 The shallow and mobile hydrophobic groove of the terminal -COOH amino acids of HMGR can accommodate the other rings of polyphenolic compounds like flavonoids. In accordance with this hypothesis, the docking studies revealed that polyphenols bind on the enzyme-active site of HMGR. The HMG-like moiety of statins binds to the catalytic residues in a similar way as HMG of HMG-CoA. As the rings of flavonoids are connected by rigid bonds, we observed that it cannot fully occupy the HMG-CoA binding site and therefore may not behave as a competitive inhibitor (Figure 2 ). The supplementation of naringenin in rats has been reported to lower the plasma and hepatic cholesterol concentrations by suppressing HMGR and acetyl-coenzyme A acetyltransferase (ACAT) in rats fed a high-cholesterol diet. 22 A review published on the analysis of 170 randomized clinical trials, which included 6,557 participants, concluded that no consensus can be drawn on the effect of flavonoids on the total cholesterol level of participants. 23 However, we observed that EGCG, curcumin, THC, and kaempferol can bind with the active site residue (Figure 3 ). This is in agreement with the report that curcumin and green tea, rich in polyphenols like EGCG, Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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effects of polyphenols on hMgr activity have been shown to decrease cholesterol concentration. 24 In agreement with this report, we observed that in polyphenols in which the phenolic rings are connected by functional groups such as -O-in EGCG and -CH 2 in curcumin, binding to the enzyme-active site is stronger. Figure 3A) . Recently, it has been shown that EGCG can bind to enzymes of the mevalonate pathway and inhibit cholesterol biosynthesis in vitro. The nature of binding is electrostatic, similar to the HMGR and EGCG binding shown here. 25 Numerous studies have shown that catechinrich tea extracts lower the level of serum cholesterol. [24] [25] [26] EGCG has been shown to alter the expression of HMGR genes following a detailed kinetic and equilibrium study on the modulation of HMGR. 16, 26 Using a concerted approach involving spectrophotometric, optical biosensor and chromatographic analyses, molecular docking, and site-directed mutagenesis on the cofactor site of HMGR, the authors demonstrated that EGCG potently inhibits the in vitro activity of HMGR (K i in the nanomolar range) by competitively binding to the cofactor site of the reductase. An earlier report based on docking experiments suggests that EGCG binds more strongly on the NADPH binding site on HMGR. 16 In agreement with this study, the docking of EGCG on the enzyme-active site shows that it can cause steric hindrance to both NADPH and HMGCoA binding. An in vitro analysis of EGCG binding on the HMG-CoA receptor shows that it inhibits the activity of the HMG-CoA receptor. The study shows that EGCG can bind on HMGR with a much higher binding affinity than other NADPH enzymes. 16 Our study corroborates the previous findings and substantially aids in predicting that inhibition of HMGR activity can also possibly be due to steric hindrance caused by HMG-CoA binding.
Comparing the binding of flavonoids
Kaempferol and myricetin stimulate biosynthesis of cholesterol
Many experimental results suggest that curcumin is hypolipidemic and a few studies have shown a specific effect of curcumin on HMG-CoA receptor enzyme activity. 17 Curcumin counteracts hyperlipidemia in animals, which otherwise would show high concentrations of circulating cholesterol and triglycerides and develop lipid-laden fatty streaks and lipid-mediated stress, including accumulation of lipids, inflammation, and increased oxidative stress within several weeks upon being fed a high-fat and/or cholesterol-rich Western diet. 27 Several studies have shown that some of the effects of curcumin (eg, on cholesterol and gene expression) are similar to the effects of statins, such as lovastatin, and that curcumin mainly acts by reducing liver cholesterol biosynthesis by inhibiting, directly or indirectly, HMGR. 28, 30, 39 In corroboration of these findings, the present docking clearly shows that curcumin can bind to the HMG-CoA site on the enzyme similar to the statins ( Figures 3B and 4) . Curcumin is at a distance of 3.35 Å from E559 of HMGR, which is proposed to be the proton donor for mevaldehyde. 21 Previous experiments have shown that THC, which is an active metabolite of curcumin, can inhibit cholesterol synthesis 
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effects of polyphenols on hMgr activity comparably better than curcumin in animal models. 29 It has also been also reported that the administration of THC for several weeks can significantly reduce the activity of enzyme, HMGR. 30 To assess if the effect observed was due to THC binding on the HMGR active site, we performed docking of THC on the HMGR enzyme. We observed that indeed, THC can fit in the HMG-CoA binding cavity on HMGR and can profoundly inhibit the enzyme activity ( Figure 3C ). The GRID score of THC was markedly better than curcumin, implying that it can bind with more affinity onto the enzyme-active site ( Table 2 ). This can be attributed to the fact that THC is more flexible when compared to curcumin, as the chain connecting the phenolic ring has single bonds, while curcumin has two double bonds in the structure. It has been clearly shown in previous studies that this conformational difference imparts rigidity to curcumin, whereas THC is twisted and flexible. 31 The flexibility in THC allows better access to the enzyme-active site than curcumin, and therefore lowers the GRID score in the current DOCKbased analysis. THC has been shown to be a more potent antioxidant than curcumin in other experimental studies. 32 The bioavailability of THC is also predicted to be more than curcumin.
The algorithm of the docking tools used here first uses a geometric matching algorithm to superimpose the ligand onto a negative image of the binding pocket. After, it uses an anchor-and-grow algorithm to generate conformations of the ligand on the fly within the receptor, thus allowing fine sampling of conformational space. 18 In this way, the docking score reflects both the ligand fit and energy contribution due to specific interactions of the protein and ligand. It is evident from the docking results that polyphenolic compounds with Abbreviations: sn, serial number; egcg, (-)-epigallocatechin-3-gallate; hMgr, 3-hydroxy-3-methylglutaryl-coenzyme a reductase.
a rigid three-ring structure cannot bind to the substrate binding site. However, kaempferol shows binding on the same site as statins and HMG-CoA. This is because the number and position of the -OH group of kaempferol make it most suitable to form hydrogen bond interactions and anchor on the substrate binding site (Figure 3) . However, the docking score is very low compared to those for EGCG, curcumin, and THC. The docking pose indicates that kaempferol can act as an inhibitor by sterically hindering HMG-CoA binding on the enzyme. This corroborates to the findings of the epidemiological study, which predicts that among dietary flavonols and flavones, only food rich in kaempferol, like broccoli, could show slight inhibition of the cholesterol level. 33 Conversely, kaempferol and myricetin have been reported to stimulate cholesterol biosynthesis, particularly within a low concentration range (from 0.1 to 10 μM), and exhibit a variable degree of inhibition at higher concentrations. These conflicting results were not further substantiated by any study, and the authors concluded that the opposing effects on cholesterol biosynthesis are exerted in an indirect manner and seem possible through differential modulation of the complex regulation of HMGR. 34 A recent study suggested that treatment with kaempferol effectively prevents atherosclerosis induced by high cholesterol in rabbits. 35 Our analysis is in agreement with the effect of polyphenols observed in previous in vitro and in vivo studies. EGCG has been shown to inhibit tumor growth in mouse models of breast cancer by preventing hypoxia-inducible factor-1α and nuclear factor-kappa B activation. 36 To the best of our knowledge, no consensus has been derived on the influence of flavonoids on HMGR activity. Recently, it was shown that chokeberry extract, which is rich in polyphenols, inhibited HMGR expression in Caco-2 cells in a dose-dependent manner. 37 Previous studies also reported that integration of herbal medicines may provide a more effective and safe means of alleviating lipid disorders. 38 A phytoconstituent, n-Octadecanyl-O-α-d-glucopyranosyl(6′ → 1″)-O-α-dglucopyranoside isolated from the methanolic extract of Ficus virens, has recently been shown to inhibit HMGR activity. 39 The docking analysis of this compound suggested that it does not occupy the catalytic domain, and so is not competitive in binding. 40 We observed that the flavonoids have a rigid structure that prevents them from entering the enzyme-active site of HMGR and inhibiting HMG-CoA binding. The phenolic rings of flavonoids can best fit in the NADP(H) binding site (Figure 2 ). Therefore, they can Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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islam et al competitively inhibit NADP(H) binding and may offer some steric hindrance to HMG-CoA binding. The -gallate group of EGCG and the phenol ring of curcumin and THC, which is connected by flexible alkyl chains, can bind to the HMG-CoA binding site. Therefore, EGCG, curcumin, and THC are polyphenols with the greatest potential to inhibit cholesterol biosynthesis.
Conclusion
The findings of the present docking study demonstrate that all the polyphenols tested in this study can bind in the hydrophobic region of the L-domain and cis-loop, leading to the substrate binding cavity, and can sterically hinder HMGCoA binding. From the study results, it is evident that most polyphenolic rings may pose steric hindrance on NADP + binding. Among all the tested polyphenols, curcumin, THC, EGCG, and kaempferol can occupy the HMG-CoA binding site and act as competitive inhibitors of substrate binding on the enzyme. The present docking results show that EGCG, curcumin, and THC have strong potential to bind with high affinity. The study results provide a mechanistic rationale for the cholesterol-lowering effect of EGCG, curcumin, and THC.
Gaining a mechanistic insight into the effects of polyphenols on HMGR, a key rate-limiting enzyme, could be useful in drug discovery and development on a pharmacological basis. Moreover, due to the importance of mevalonate pathways in the regulation of cholesterol metabolism, further studies should be carried out to elucidate the in vivo mechanisms of polyphenols that regulate plasma cholesterol through a cascade mechanism mediated by the inactivation of HMGR.
